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- Earlier work has shovm that r- xtures of l-alkyl.yridAniu:i
chlc-ides and aluminuin chloride form electrolytes that are
molten at rocm teiperature. Moitular orbital calculations
predicted that 1, 3- lialk,lirdazolian cations would be morre
stable catbodically than l-alk-ylpridinium cations. A series
of 1-methyl-3-alkylimidazolium chlorides was synthesized an,'
chloroaluminate melts were prepared from them. The imtida-
zolium chlorides tlemselves have reduction potentials consid-
erbly cathodic of the correspondinj pyridiniun chlorid'es in

F. T.he new melts have favorable physical properties and
wider electrochemical windows than the earlier rmelts. Thc'
Lewis acidity of the melts .my be .aried over a very broad
ran,3t.

r AI DDUCTION
There has been considerable research in this laboratory in tdie aroxi

of low melting fused salt electrolytes, particularly for use in high
density batteries (1). Wile mixtures of sodium chloride and al:ninri
chloride were successfully used as the electrolyte in a thernal battery,
the minimun temperature for operation was about 1750 C. In order to
acheive lower operating temperature we investigated mixtures of 1-
alky -ridinium chlorides and aluminun chloride, some of which are rcl-
ten at roam temperature. Studies of th physical properties (2) of
these melts and the electrochemistry of metal ions dissolved in tJeom
(3,4) indicated scre prcmise as battery electrolytes. Ostercounq Lnd
ooworkers have studied these types of melts extensively and have fou;n.
them to be easily prepared (5) and have a very wide range of Iewis
acidity (6).

one diuaivantate of the alkylpyridiniun chloroaluminate melts is
that aluminum is oxidized in then when the melt is basic (chloride rich).
Gale showed that in a melt oanposed of ;dCl 3 and l-butylpyridinium
chloride the oxicdation of alunn is acconpanied by the red,.lction of
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the 1-butylpyridinium cation (7). We have convincing EPR evidence that
in the same melt 1,l'-dibutyl-4,4'-bipyridinim radical cation is formed
(8) by reaction with aluminumi or by cathcxlic reduction. The ractivity
of these melts towards alurinum is LLforturnate, since almrinun would be a
useful anode in a battery using t-ho rom tcrq-erature melt as the elec-

trolyte. We report here our effort tQc ;ixd a rou tcn-rA-rature molten
salt that would have the favorable physical properties of the melts
described above, but would also have a wide enouqh electrochesnical win-
dow that aluminum would be stable in thcv.

LPERXF r-A

The MNDO molecular orbital calcuia-ions were perforred on either
a Burroughs 6700 or Digital Eqipment Car> %VX computer using a program
provided by Dr. M. J. S. Dewar.

Reduction half-wave potentials were obt.ained in I'M containinq 0. 1M
tetrabutylammonium perchlorate at a rct:ting disc electrode (1500 RI)1'.
Potentials were measured at 251C versus -i :turate calonel electrode
isolated from the bulk solution via a V'co tipped bridge tube. Tle
solution was presaturate- with and mai: ,:' under a blanket of dry
nitrogen. 7

Cyclic voltammetry was performed ,usirY; a Pt workini elecLrcxe, a
W ounter electrode and a reference ele-trodle consisting of an alunLn',
wire imwersed in an AIC 3 rich melt (usually 67 :rol' . Ai 3 ) vnd separated
from the cell :ith a glass frit or qlass uool.

Liquidus temperatures were measuiw U.i :S1 a Perkin-Elmer nxxel DS'-
2 differential scanning calorimeter. &x fc conductivitie.. were mea-
sured using an ac impedance brid.;e.

All ex perinnts involving ioistuxu sensitive rkterials were perfonrne,
in a Vacuum. Atnospheres Corp. glove box cortaininq I dry argon ait-sjhelre.
1he 1-met'hylimidazole and 1,2-dijnethylizudazole were obtained from the
Aldrich Che.2ical Co. and were distilled before use. The 1-chloropropane
and 1-chlorobutane were obtained fron the Aldcrich Chemical and were
used without purification. The chlorocrthane and chloroethane were
obtained from Linde Specialty Gasses. AI. R spectra were rnm on a Varian
T-60 spectrormeter. IR spectra were ri on a Beckran IR-20 spectropho-
meter. ZIaental analyses were pcrforl-,d S: ailbraith L1Lratories.
Melting points are uncorrected.

1, 3-Dimethylimidazolium Chloride: 1---et)yliudazole (62.3 ,1, .78
nol) was weighed in a 250 n'i glass- issel amd chloromethma (100 ml,
1.40 ol) condensed into it using a dry ice condenser. The contiiner
was sealed and heated overnight (16 hrs) at 65*C with ncmet:,c stirring.
The pressure Ln the vessel. was reduccd h. cooling in a dr ice/acetone
bath and the top was rermved. The excess chloramethane was allowed to
boil of f through a drying tube. The white solid crude product was re-
crystallized from acetonitrile. Isolated yield was 66.6 g (67"). Melt-
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ing point 124.5 - 1280C. Elfemntal analysis; calculated for C5 H.)Cl.
0.3H.0: 43.23% C, 7.04% H, 20.17% N, 25.53% Cl, 3.17% 0. Observe:

42.821 C, 7.32% H, 20.13% N, 26.01% Cl, 3.72% 0.

1-Ml-3-eth limidazolium Chloride- l-ethylimidazole (19.3 g,
0.235 mol) was weighed in a 250 ml. glass pressure. vessel and chlorothane
(56.0 g, 0.867 mol) condensed into it using a dry ice condenser. The
container was sealed and heated for two days at 75*C with magnetic
stirring. The pressure in the vessel was reduced by cooling in a dry
ioe/ tone bath and the top was removed. The excess chloromethane was
allowed to boil off through a drying tube. A slightly off white solid
product was obtained that showed no starting material by "2R. Isolated
yield was 34.38 g, (99.8%). The product was recrystallized by dissolving
in a minimun amount of acetonitrile and dropping it into cold ethyl ace-
tate. Melting point 82-87°C. Elemental analysis calculated for C6 HIIN2

Cl-0.2H2 0: 47.97% C, 7.65% H, 18.65% N, 23.60% Cl, 2.13% 0. Observed:

48.18% C, 7.80% H, 18.66% N, 23.52% Cl, 1.84% 0.
l_-ethyl-2-:rcpylimdazolium Chloride: 1-Methylimidazole (10.1 g,

0.123 ol) and 1-chloropropane (12.7"g- O.161 ol) were mixed in a 250
ml glass pressure vessel. The mixture was heated at 85 0C for 20 hours
with magnetic stirring. The reaction flask %as allowed to cool to room
temperature and the excess chloropropane was removed at reduced pressure.
The slightly yellow oily product was diluted with about 10 ml of aceton-
itrile and cooled in the freezer. Crystallization was induced with a
seed crystal and took several days. The seed crystals were obtained
with much difficulty. Yield was 18.7 g (94.3%). Melting point 58-660C.
Elemental analysis: calculated for C7H13N2C1-0.3. 20: 50.63% C, 8.26% H,

16.87% N, 21.35% Cl, 2.89% 0. Observed: 50.70% C, 8.45% H, 17.08% N,
21.55% Cl, 2.22% 0.

1-.Methy1-3-butylimidazoliun Chloride: llethylimidazole (60 ml,
0.752 tol) and l-chlorobutane (87 mln.8 mol) were refluxed without
additional solvent overnight with stirring. The reaction mixture was
cooled to room temperature, the top liquid phase decanted and residual
emess dhlorobutane removed at reduced pressure. The slightly yellow
oil was diluted in about 15 ml acrtonitrile and crystallized in the
freezer with the aid of a seed crystal. The original seed crystals
were obtained with much difficulty. Melting point 65-69'C. Elemental
analysis; calculated for C H N C1,0.1H 0: 54.45% C, 8.68% H, 15.87% N,
20.09% Cl, 0.91% 0. ObseQe: 253.94% , 8.90% H, 16.03% N, 20.52% Cl,
0.61% 0.

I-Methyl-3-benzylimidazolium Chloride: l4-ethylimidazole (5.0 ml,
63.1 ml) and benzyl dhoride (8.0 ml, 69.4 rrtol) were stirred together
without solvent for 2 hours at room terperature. The reaction mixture
set into a hard glass which could not be crystallized despite many at-

hloroaluminate mlts were prepared typically as in the followinq
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exmple: Aluminum chloride (18.28 g, 0.1371 tool) was added in aliquots
to l-methyl-3-ethylimidazolium chloride (10.00 g, 0.0682 rool) with stir-
ring under a dry argon atmosphere. The mixture was then stirred for
several hours until dissolution of the al1nin-2 chloride was caplete.
The material obtained was a clear water-wiiitc liquid.

RESULTS AND DISCUSSION

The probable reason for the low liquidus temperatures of the alkyl-
pyridiniumn chloroaluminate melts is the size of the organic cation. As
the size of the alkyl substituent increases, the liquidus temperature
decreases. For example 1:1 mixture of the aluminum chloride and 1-methyl-
pyridinium chloride melts at 145*C, while a similar mixture with 1-butyl-
pyridinium chloride melts at 300C. One might expect that any large organic
cation could produce chloroaluainates that are also molten at or near roam
taiperature. The most common source of positive charge in organic com-
pounds is a quaternary nitrogen, as in the alkylpyridiniun cations des-
cribed above. For these reasons we focused our search on large (molecul-
ar weight 4130) molecules containing quaternary nitrogen. The reason
that aluminum is oxidized in the alkylpyridinium chloroalu~'irate melts
and not in the alkali metal chloroalummiite 7nelts is that the alkY-prid-
iniun cation must be more easily reduced than sodium ion or U (lIT).
The best candidates should thus have reduction potentials sinificantly
more negative than alkylpyridiniun ions.

Vhile one can tell by inspection of the structure of a molecule
what its approximate size is and its charge, it is not p. oscille to
determine the reduction pxtential by simple inspection. Th.r reduction
potential may be estimated fram the structure of the ntiIeculk alone
using molecular orbital calculations. The newer semi-enriracal tech-
niqLtes for performing molecular orbital calculations provide a rapid
and relatively easy nmaNis for estinmatinq the electron affinities of
reasonably large organic molecules. In the .WO method, devu:lo;ed by
Dewar, the electron affinity of a closed shell cation is LpIUl to the
negative value of the energy of the lowest unoccupied riolecular orbital
(L Z[)) (9). it is well established that the vacuum electron affinity
may be correlated to the solution reduction potential as shown below
(10).

EA = -LUZO (1)

E(red) = EA + iG(solv) + K (2)

Where EA is the electron affinity, 100 is the encrz-f of tie lowcst
unoccupied molecular orbital, E(red) is the solution redactaon r otential,
LG(solv) is the differential solvation energy, and K is relattx to the
reference electrode. Calculatilros were performed on a variet: of mostly
heterocyclic cations chosen as possible cations for chloroaltrninte
melts. The critcxia for the candidates was that the size be about the
same as alkylpyridinium and that they be camercially available or read-
ily synthesized. Since the molecules would all be of similar size, the
equation (2) could be simplified to:
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E(red) =EA + C (3)

where the differential solvation energies are combined with the reference
potential constant.

The linear relationship implied in equation (3) was tested with a
few cations, as shown in Figure 1, where reduction half-wave potentials
were used for the observed values. Vhile the data are too few and scat-
tered to make a convincing case for a straight line, it is heartening
to note that the least-squares slope is very close to unity. The result
in Figure 1 gave us confidence that the %DO method was useful and re-
liable for screening candidates for their approximate reduction potentials.

The results of the calculations are tabulated in Table 1 and shown
graphically in Figure 2. Tetraalkylammonium is predicted to be the most
difficult of the cations to reduce. This is not surprising, since tetra-
alkylammnium salts are often used as the supporting electrolyte in
electrochemical cells. Unfortunately the liquidus temperature for the
chloroaluminate melt prepared from one of them (tetraethyl-) was relative-
ly high, so no further consideration 3v gi.en to that class of cations
(11). One might expect that the adcLition ot one or more electron donat-
ing substituents to the pyridine ring might lower 'make more negative)
the reduction potential of the well studied l-alkylpyridinium system.
Mblecules with one, two or three methyl groups (ie. the picolines, luti-
dines and collidine) were actually estimated to have quite similar reduc-
tion potentials. In fact thu 1-methylcollidinium cation was found to be
reduced by aluninun when it was used as the cation in a chloroaluninate
melt (12). All of the 6-mcnbered heterocycles containing two nitrogens
(the alkylpyridaziniums, -pyrimadiniuns and -pyraziniuns) have reduction
potentials higher than al]-ypyridinium, so they were removed from con-
sideration. The 5-merbered heterocycles containing two nitrogens w-rr,
more promising. 1,2-Pyrazolium had a significantly lower predicted reduc-
tion potential and 1, 3-dialkylimidazolium even lower yet. The salts

*based on imidazole are known compounds and may be prepared simply from
camiercially available starting materials, so they were chosen for further
study.

A homologous series of 1, 3-dialkylimidazolium chlorides were prepared
(compounds I-V).

Rl R2 COMIOUND

methyl methyl II
methyl ethyl II

N, + ,N methyl propyl III
R1~ I NR2methyl butyl IV

methyl benzyl V . /1

CI-
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The preparative procedures were similar to those described in the
literature for the iodides (13-20), but were modified to accomadate gas-
eous reagents in the case of some of the chlcrides. Briefly, the pre-
parations involve heating 1-methylimidazole with the appropriate chloro-
alkane, soetimes under pressure. In ro~it cases the products were hyqro-
soopic white solids.

The dhloroaluninate melts were prepared by simply mixing aluminum
chloride with the imidazolim chloride. The two solids combined to
produce a clear, slightly viscous liquid. All operations involving
aluminxr chloride or chloroaluminate melts were done in a glove box
antaining a dry argon atnosphere.

The liquidus temperature of the melts was an important physical
property. The melting points of the dialkylinidazolium chlorides in-
dicated that larger or more asymmetric cations resulted in lower melting
points. This also proved to be true in chloroaluinates having dialykl-
imidazolium. cations, as illustrated in Table 2. The melt having the
l-methyl-3-ethylimidazolium cation (frori chloride II) was rolten at
room temperature over its entire composition range, and its liquidus
taiperatures were much lower than the closely related melt having the
1, 3-dimethylimidazolian cation. Since the molecular weight difference
was only 14 daltons, the effect was probably due mostly to the asymmetry
of the methyl-ethyl cation rather than the size difference. 14bile the
liquidus temperature of the l-methyl-3-ethylimidazolimn melt is quite
low, the melt would not be a useful electrolyte at very low tonperatures
due to the very high viscosity at the Ici tErperatures.

The conductivities of various corpsitions of the l-nethyl-3-
ethylimidazolum melt are tabulated in Table 3. They are not very high
by molten salt standards, but this is probably largely due to the trn-
perature at wich they were measured. The values are aJproximately the
same as for the 1-alkypyridiniLn chloroalumlnate melts (2).

The new melts wuld be a major improvement over the l-alk pyridiniun
melts only if they had a wider electrohemical window. The test for this
would be if alirnum is stable in chloride rich cormpositions of the melts.
If the materials met that test, then the organic cat-Dns must reduce
cathodic of aluninum in the melt. Cyclic voltaimetry is a convenient
way of analyzing the anodic and cathodic limits of the melts. Figure 3
is a cyclic voltamnogram of an acidic (2: 1) mlt having the dimethyl-
imidazolium cation. At the anodic limit chloride oxidation was observed,
as in all chleroaluminate melts. The wave at the cathodic limit is
chacteristic of Tetil deposition. In a basic melt (0.7:1)AI was unaffect-
ed when immersed for several hours at lLO0 C. The cyclic voltanrmgram
(Figure 4) indicates that the melt decriposition is occurii at the
cathodic limit, but that limit is at a high neqative potential. The
lack of aluminum dc-xsition in the 0.7:1 melt is probably due to the
very high chloric e cnncentration at that conposition.
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In order to prove that aluminum was in fact reduced at the cathodc
limit of a slightly acidic melt a deposition/stripping experiment was
done, as shown in Figure 5. A constant cathodic current was passed
until 0.200 coulonts had acculmulated, then an anodic current was passed
until a rapid rise in potential indicated that all of the plated mater-
ial had been stripped. The 95% overall efficiency is much higiher than
expected for deposition of an organic species, which would probably be
irreversible. In a separate similar experiment the surface of the elect-
rode had metallic gray deposit after deposition, clear evidence that
aluminum is reduced and not the organic cation. The experiment also
dsmDnstrated the usefulness of the new melt as an aluminum plating medium.

One attractive feature of the l-alkypyridinium chloroaluninate
melts is the wide range of Lewis acidity accesible in them, as expressed
by chloride concentration. The chloride concentration in the melts is
controlled by the equilibrium:

2AIC1 4  A 2C17 + Cl

For the alkylpyridiniun chlorgqlminat' melts the value of the
equilibrium constant is 3.83 x 10 - 5. '16) The potenticmetric titration
curve for ute 1-meti yl-3-ethyfmidazolium chloroaluminate melt (Figure 6)
provided a value of 2.0 x 10 -  for the same equilibrium. This t£plies
a range of acidity for the new melts at least as broad as the alkypyrid-
inium melts and rmuch broader than the alkali halide chloroaluninate melts.

The use of the new melts in batteries requires that a suitable
redox couple be av-ailable for the cathode half-reaction. Transition
metal ions are conly used for such purposes. Copper (II) chloride
was dissolved in the l-methyl-3-ethylimidazolium melt and reversible
reduction was observed by cyclic voltammetry (Figure 7). Initial results
indicate that the copper couple in the new melt is very similar to the
same ion in the 1-alkylpyridinium melts (3).

In addition to dissolving inorganic compounds such as CuCl2 , the
new melts act as solvents for organic compounds. Benzene is miscible
in the l-methyl-3-ethylimidazoliun melt to about equal volute. Sane
other aramatic compounds are also soluble and, as with the al-kypridiniun
melts, some are spontaneously oxidized to the radical cation. For ex-
ample, thianthrene dissolved in the 1,2-dimethylimidazolim melt imred-
iately turns deep purple and exhibits an EPR spectrun characteristic
of thianthrene radical cation.

7



REFERNCLS

1. J. C. Nardi, J. K. Erbadher, C. L. Hussey and L. A. Kin-, J. Power
Sources, 3, 81 (1978).

2. R. A. Carpio, L. A. King, R. E. Lindstron, J. C. Nardi and C. L.
Hussey, J. Electrochem. Soc., 126, 1644 (1979).

3. C. L. Hussey, L. A. King and R. A. Carpio, J. Electrochem. Soc.,
126, 1029 (1979).

4. C. L. Hussey, L. A. King and J. S. Wilkes, J. Electroanal Chem.,
102, 321 (1979).

5. H. L. chum, V. R. Koch, L. L. Miller and R. A. Osteryoung, J. Am.
(hem. Soc., 97, 3264 (1975).

6. R. J. Gale and R. A. Osteryoung, Inorganic Chem., 18, 1603 (1979).
7. R. J. Gale and R. A. Osteryoung, J. Electrochem. Soc., 127, 2167

(1980).
8. J. Wilkes, unpublished results.
9. M. Dewar, H. Kollmar and S. Suck, Teoret. ChLm. Acta, 36, 237

(1975).
10. B. Case, N, S. Hush, R. Parsons and M. E. Peover, J. Electroanal.

Chem., 10, 360 (1965).
11. C. L. Hussey, unpublished result-.
12. R. Gale, personal r'aunication.
13. H. Goldsdirdt, Ber, 14, 1845 (1832).
14. 0. Wallach and E. Sch-lze, Ber., 14, 423 (1882).
15. 0. Wallach, Ber., 15, 646 (1383).-
16. 0. Wallach, Ann., 21-4, 309 (1876).
17. F. Run;4 an.- 14. Fehrand, Ann., 271, 35 (1891).
18. B. Clan, N. (Thung and M. Grim.Ic t t, Aust. J. Chem., 30, 2005 (1977).
19. 0. Wallach, Ber., 16, 535 (1884).
20. K. V. Auwers and W-maus, Ber., Cl, 2418 (1928).

I.i
. .... I-



Calculated Electron Affinities of Some Organic Cations

Cation Electron Affinity Eh (red)
%J__ (V)

l-methylpyridinim! 5.84 -1.28

l-mtyl-2-piolinium 5.74

l-methyl-2. 4-lutidiniun 5.71

1-mathyl-2. 4,6-col1idinimz 5.61

1-umthypyridaz inixn 6.30
1,2-dinmthylpyrazolium 4.86

1,3-diJnethyliidazoliuzf 4.86 -1.981

l-nethy1-3-butylimidazoim 4.70 -2.001

tetravthylanmvnitmn 4.37 -2.7

K TABLE 2

Liquidus Terieratures of Dialkylimidazoliun
* Chlorca lunate Melts

Cation 50 nul% A1C1 3  67 mol% Aidl3

1, 3-diiethylimidazolimz 750 C 15" C

l-nmthy1-3-ethylinadazolitrt 80 C -980 C

TABLE 3

Conductivities of Dithyethyimidazolium
Ch 1croa.wnrate Melts

Cczifoition Specific Condu~tivity Teaperature
(uol% Aidl3 ) (ohm-an (0c)

44 0.0117 29.7

so 0.0227 30.9

67 0.0154 32.2
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